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KINET1o AND EQUIT TBRIUM MEA UREMENTS OF COAL DRYING

Anthony He.ler and Guy R. R. Elliowe

L.os Alamus Natlonal

Labomatory

Los Alamus, NM B7545

ABSTRACT

The retentivn, attachment, and release ot water (serprion, adsorptien, and desorption) -n Fruft-
land subbjitur!nous (oal arc shewn Lo be very complex phene ena.  The vapor pressure and thermodynami
activity of w.ter in the coal at asout )5 K vary sharply with compusftion., Removal ot 607 of the

water Initially present reduces the vapor pre

ure by aboue 6"., The total moisture content ol satur-

ated coal also varies with temperature. A 10 K riae in temperature reduces the sorbed water b oabout

R . Therve i8 strong hysteresis in the sorption behavior, water which ia desorbed by reducing the vapor
pressure over a ceal sample is not Jully replaced by adserption when the vapur pressure is returted to
its wriginal level. These measurement of ¢ sorption and adsorption retlect stable and metar table equi-
Nbria, Kinetic measurements are reported for approach to a new equilibrium tt the vapor pressure

vver the cual 18 reduced, The kineti( measurements retlect the shape of the pores while equilibrium
vaper pressures retlect how tightly the water 18 bourd in the pores, Both types of measurement show

chanpes 1u behavior at the same compositions.

It 1o weldl bovam that the removal o water
Fleat ¥y iner cthe permeabir iy and porosity
vl omeist, Jowsrank codie, o .o Fruatland coal,
Son Juan Basin, Foaur Cor '« Re 3on ol New
Meatcc D'y In coral Lary, subsoquent cral re-
actioens can preocecd te a more surtable com Ju-
aren because of pany lact rs i bading:

More complete combustion

Improved characterintios of the P
chartth

Increases] reaction g

s thermeayia, o cenditions
oyas oo tion ll‘lnp\'l.lllll'n-'
Reduced unavi lable heat

Livaed yar How N .
Reducod envirenmental problems!

\

In spite of the very great tmportame ol
coal metrtute, the subject has receives, (noom-
plete study o Ear Her workers did rol pesove
Yuest lene o diny the nature o veai, the
wces el Weterestn Inowat 1 e ption, oo
the themedyiimie s of mels ure soelptien on
v, e Hets s 700 pepanding, the
wote which i ludes o ptyon stwlie
tecent Iy therr have been v 1ew me
the thevmedviamice ol adeor ption S NS
TRt the kinetios asvsw footed with the
srch to equi Ll fem luve not been studied,

I contrane with tie came tor coal miefe-
ture, the (v a lnr amunt of Hteratule on
the cquilthria deveYoped durbng adserpt ton
A desorprfoen o vapers on o catalvet sub
“lrates, “aomanv, bt ool all, wave the norp-
tlion behvgors o the twe cauen o almtlar,
Pike the conl-motnture cane, howe , th
Ave e kinet s data, becaune ne adequat e

EYCRRT U hni g are avetlatae tor
Precrae studtes of thene ayntemn,
The v Presare seastement o reporfad

Implications o1 these results for UCC are discussed,

in this paper were mwade by Isoptestic balauce,
This device has been used tor many years fot

Precise measurements gl al'oy vapor pressurcs
at high temperatures'*, bur Its use tar wager
sorbed on v ls and 1ts uke o kinetic meass

urrments [H new,

LNXPERIMINTAT INFORMATION

The 1sopiestic Nalapee

Thir balante svatem very pree inely
MEGIUTEE VAP pressul e-composit ien relation-
ships tor systems (o which oply one compenent
Seoatpntticantly velatile,  Frgure | indloate:n
Mt et the system,

owcalad, aln hree, egutlibration tube
(o) Ix attached to Hipporting arm (1) whivh
1n WK et Trom 0, v tungpnten wire (),
The supporting aim fr vopnes ted te an analyia-
cal balance above (et whown) by o sidearm Al
400 g tunynten wine (), In vperatfon, meisd
coal (e) at one temperature Enoequi Trbrated
wilh water vapor (rom o pessrvery ol water (1)

Fip. | The 1xeplestic halanee mystem,



at a lower tenmperature. The vapur pressurc of
Lhe reservolr valer sclas Lhe vapor pressure
throughout the system, and the caal adsorbs or
dusorbs water unti! the mols ~coal compoaftion
roper tor satistying the wabient water
V.i[R1 Presaure.

The weight needed to null the analytical
balance Is related to the compusition o the
moist (ol Specilically, the auspennion sys-
tem 14 commberbalanced so that 0,0 -mg wel ght
rattn at the balance ¢can be detected, In
whlitton, there 18 a lever advantage hecaune
the muanlure transfers I times ns tar a.
the bajante arm length,  Thus, 0.0l -mp shitin
ol meinture can readi 1y be dotected.  The
mdst conl manple inttdally weiphed 200 0,
in the present experimeate,

The thermadynamic activity ol the water
in the melst coal Is essentiall, the pressure
vatio, I'/I"'. where I s the vaper pressure ot
water at the dater reservol: temperature aml
Poan the vaper pressure of pure water at the
temperature, The Lemjeratures of the
ley and ol the water  ep ol the equili-
brat fon tube are masured L aboul 0000 F,
and the temperature differewe 18 nlso mos
ured 1o *hat precision. A 4 cwal temperatme
ol MUK, Jwese measurements lead to a precds .
fom of abour 14 10,000 {n the vater activity
al any coal cmposition measured,

The Lim e cach equilibnbem depends
wpenn the the isotherm. At 'V K
and watad Lbtaen cven 18 the sy.steann
cenne e vguibibr o in about afpht hours

A alteratien ob the vap ' pie
vl Ve, e e qut bty
wave to e h @ antial

nllle

Rl

Lepea Dbt Lyim Regilg

Foyore ) shown the temperature depemlom e
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for th desorptivon of moisturr f= 5 Fruit.and
subbl cuminous cwal which init. -ty was tu.ly
wet, J.e., the lasL drouplet @ cxcess mol: ture
had just been recoved, and 1 ¢, the ratle ol
the vapor prersure uver Lhe muaast weal to

the vapor pressure of pure water at the am
temperature, was equal tu |,

Thear denorption meapurements wer: carried
vus at two temperatures, 31)1.1 K and 122.4 K.
The numbers of the data points Indicate the
vrder In which the darta weie Lasen. 1n mont
capen the equilihrium wark achicved atte Lhe
temperature of the Jater reservolr had been
Aropped o deprer or twe, thus T nducing a
n smyll leas In meirture trom the ceal as the
vapor pressurt and thermodynamle activity tor
the wvater decreased. In a lew cases, hovever,
the water reservolr temperature wak ralsed
slightly, an' adsorprion took place.  {(This
adusurptior alony the desorption ey ir 10
be dintingulshed from adsarption aiony
scaning (urve: or the adsorption leg ol the
{rotherm,  Such adrorption leads Lo o hyster-
vhlen, as will be dincussed reparding Tie. 320

The measurements fox Fig, 'V Rtar’ at
Point 14, Th « puint foilows FPoint 1Y dn g,
Yy win b o2 taken with the « 2’ Ltemperature
at MK, Between Fognts 18 an by the v,
Lem; ‘rature was rained o V2O K,

T Lo " along turve
what (0 called a scanniny curve in “alyst-
substrate tertmiin lopy,  Pants 240 amd 2 e
oh the desorp-lon varve (10 - tepbon which
will be dimugsed ax corce qpamling to trae
equiTibefumy . Podnte S to 0 are sl o
Fipo &0 exoert that the data o= Fig,e 5 bawv
enaaorrected to eaactly G000 Kowlnde The
data In Fig, ¢ are for o nsin-l A
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Curve seyments a, b, and ¢ w c¢ 1ellowed e e e o B R

durting der rption tor coal at 322 K. For the

adrorptl.  .ivng Curve ¢, the vapor pressure :

o the vater wan raised in steps until the de- ’rl :

purption curve was again met L
LR}

Curves | and g are cstimated [ derorp- z I
tion and adsorption, hased on the 1eports D per- z I
lurru“n“nl modat coals an publishea else ‘0 . | WUND 4
vhire v TLMP DRGF Ty

- [ SYARY =1

Figure » indicater e cquilibiia achieved ‘% I 1 INAL
ut the condlusiom ot the kinetico runs vhich v M
are presented in the next section. ' | .

v P v ¢ v &I.ll‘ "'nh"""

Yinetje Rerulte g l

i .

The resuits ot a typloa! kinetic run are o ' !
ploteed In Flg. % ag the fraction of the total A 1
welpht Toss which repult: trom o vapor [ resaure R
chanpe ve the square reot ol time.  (This type _‘,'
v1oplot retleces diftusion thoory,) " i

i

In this care "he system war 1n Dressuln -l . . . ‘s . .
and comporition equilibrium waith the coal at ! " O w
. K, U wiater reservelr ot e, K, amd LECNTTTILE

the vaper pressure of the water unif 'm throasn-

out the systen ad set by the water reservoelr

temp wute,. Then Lhe water reservelr temper- Fip. v = A typicai kinerlc run,
ature wis dropped 1K to s ] K, and the mois-

ture in the coal tell g indicated by tne data

poant e,

Av rhown in iy, ow, the composition a
cqui Tl dum activity moved Jros Point b=V e
I'eint 1 -u.

The itierent kinetio behavior corres -
pendimy Lo the diHerent levels of modaty
content in the coal 16 shown (o Fig. b An
d regardingy Clpe y Kun k=S dn Frpa ¢
cpemdn beoa drap of TR te g comd U en
the water renerveln tempetatute in 9 K
be low the vaal (e guwerdatine,
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Ty, o bgquilibita achiteved at the com burton Tig:a & - Compartren of the varlous o lavaen o}
ol kinetle i, Finetle 1uns,




FRLL FNLRCY, ENTROIY, AND ENTHALIY CHANCYS

Fruitland

TABLY

rubbi tumine.s

(W Heller, p. 4

N TilE DESORPITR LEG OF THE SORITION ISOTIERM FOR A ol

soal

Vaporizdtlon progess

Fractivn o1 th dandan culepy Lol Coal -HoA) " X
aripginal water lor sua ¢ Buryliuon temp. .'uli\-‘llly ’8 AR'
lett_op L geg. o) R _in X K My eal/(m lg)(K) Reglim. ly
il,i u, . .y .
0 0.0, lill. \.'.1.:’:; :) .z (ir.aui )
. . il 0.7 . - .
v s V0 e viaal [T )
trgshn 0. ::::'|',.. ol Th,
LR T |.:.l TR PR 1,
W (O]
P 1 e Wt 1y, Wwie 1.0 R I o,
T s the vaper presmince o the wetsture held o the wl the temperature indicatad, Mot

AanE presiurfe ol pure at thu

theenodvnaniie activity,

witlel

Lhe t=tym

Beters procemiimg: with tlas discusnyon
t o oshoald e poted that these thermoedvnamie
vilues ave Lo one sample wmly, Proliminagy
stuhies v g it lere * sampbe tmbieate wuh-

stantarally (10 ) smai'er enthalples, ttler

thermaudvnamic properties apsear te be af et -
ol uantitative by gs well,
Intiop ul waler vap

fratfon Jron o top ol the degerp
Lien lep ot the moare tmli. ated In
Table 1o Thewe vglues are basel on the tem
moiature dependanmee of the vapor activind
I, as prerented In Fig, &y (Under the
vembitioes the fupa ity antlor and the pree-
Rute tatior ate csnentially tdentioal )

The enthalptes indicate a atvong bonding
ot watel te coal (n the upper reptoneg ol the
desorption ey of the morptien fsetherm.
Nearly o third more fEgy munl b cuppated
{1 watey it beiny vaportsed Irom ooal than 1t
1t 1 hetng vapeadeed Trmn bulk wat
whal surpit dng e the lact that th
for vaprisation desteasen an the conl
cimesn uKaty d. Perhape hvidtopen bonding
o lout an the rematning watel moleoules
I contact with varh other .

A nimilar phe
the entroptos oy

In abeervable with
vapertsation,  The entropy

hivme Lempel aturs,

This tatln o Jos

v oappreximates the

upen vaperbsatnon deereases towaid the
tor vapsadaation of luls water. Thess
entrepy changer are tar larger than aaything
whi-h could be aseribed te bt e creation of
simple tandhomness ar water me
removial,  randomness of vacancien o, o RAUELao
wurld add /0 R In (lemctienal coverape), as
fndicated  n the gable, o this musl
lovk tomich a1 Houteen of en
an oA new rotatto o the ads
cules gn pant el the adsorbed material |-
vtemoved,

Thers can by sppony hyvefen
upon whether swater (e desorhed e ads g hel,
This bvaterestirsr ocovin In Ply,s 4 fag the
almot ption moanning, Goyven d v, but 11 dees
m tour dn the repior Tinte s o (n iy,
Coand shown alee b0 Fig, 20 Note in Fig, o
that e v ool Paln St taval
puth desorption and ala atl
datn Ve onp kel -
mirt be nigniffoant remeval ol w
the aystem penetatve contftionn fay
e mhown 1 the woann

14 depewiing

frtule hetore
hystor

P T HEve,,

data show that the n
o e ption vas be mich 2tyong ‘lg-ll I

met on adnorption,  Other data alow!" (hat wate
aduotbed on coaln Tke omp helaver moh Hibe
ik waler, aml we whoe ot ag bomding amd 1L
ot en w foy desag ptton condittons, The
vqui i tum conditfons ahow o the deon plon




leg; adsorption yields setastable equilibila,

For rractiens of 0,000=0,792 o1 the maxi-
mum adaorptton on lignite, the heats orf gorp-
Livn are 6 H-2,0 keal/mole!™ ot water.

Curves 1 and g o1 desorption and adsorp-
tion i Fle. 3§ are eatimaten h'""'"n"'f oLher
mrasurements ol sorption inotherms l

R.oetien

Typleal data=scattoer tor the runs maasur -
Inp the approach te equihibrim are indfoated
in Flao v A vollection ol data trom nine
runfr vi this type are given In g, 6, and
the ogulithriy resuiting Irom these runs ate
shown an tip, o,

The hinetle 1 me "ead to the vame equl -
libhria as are dentitied in biyps, 2 and o,
invelves reasureuents on o a oyl oder o)
«oamd Tigs, Uoanl Voapply te 8 g ooup ot
about 20 l-mm }.vcoes The ondinaten ol bips.
S awl Voare difterent Sros that in Fly 4,
1 the data trom the threo tiyures were platied
on the mame ondinate  however, the twe
vl data woinid demonstiate very « lore apreement

Row oot pder Run k=0 an L B
Tt e o=y and b=a, but then 1t drope
it ualcee any ol the other rans. The rm,
e roprodduaab e, and 11 can be
voatel twe thirds ot the
run shonid oot e cenandered an shewn an
llp'. LU

In iy hit o1 the previcus
ol te ke Tadd an coae L ly, 1o bk
mibe o second tami iy, k=0l amd b1 oane
fnathrd arlv. (k=9 amld » 00 Cmet e
plotrad bcaune oF g0 o 0 et o peind L)

‘taph. Run

In e o the Fipetl runes mosva fpeen ane
poanl te the neat. Jar exam « Run k-1 moves,
Foeen START e Pt b 1o Thus Rune k-1 toe

=aoanmd the rtart of Run b= dercnilbe the

cime 1epton of binear activ, ey-ompesivbon
rebalivnshipe which war adteo (dentifred by
the equiiiheda 10 Vige, ¥

Correlatione hetween egqul [ hr oum il
Finetion cannot b entabll an waearly Lo
hetv te b=B .l k-11 tov k=12 an foa the yruap
' dinmiunred, Howevir, we ave cond il
that a vlation could be shown 11 mo
were available,

s aleta

Ioiattonghip be
Al

twoen Thepuwedymmion and

qui il tim can be Tonbad v an A mran
e of hew toghtly wates 1w benpd 1o ghe
voaly P latpe € teoy bealmedo) heatw o !
n the dewoy ptlon ley, W the Ao
Froentropy et u th
mele F1ofabivate that the oal srt have very

LUy eller. I Y

sma'l poren and very large internal surtace
#.can--wilthout pores like those desacribed, the
coal moisture would look mch more like bulk
watel .

The kinetics retlect the paths through
which the water vapor sust move, {.e., Lhe
permeabi lity and porosity at vamious wtages of
vater removal., To yi.ld the behavior showm
in Fig. 6, there sust be relatively large
peoours o1 very dmilar porer with other Linge
Rroups ol pores of Jdiltereat types.

In Lhe theld of catalval substrates,
equi libriwm sorption datda are amalyzed o
deduce teatures ol the pore aizes and shapes,
ewpe. Reto e In many wave the kinet i
data oller an even mure poswerlul foel. Until
we tan cross thech the two methiode, we do not
wint to publich an analysis ol either typre
ol data alone, however,

lpplicatione toy "nderground Conl
Convereion

1. although there shata indicate a very
preat cumplexity in the hehaveor ol muointute
th vealy thts beldvior should not b taken a-
o bavi1s te reject the mo simple Faneti
medels of drying, c.p., Bet, 2, The true
rmiludtion s that the simple modela are all
thut can be used o prictice, anld they may wnl
very well, Alno, the coaplexitior we aee aot
almost ke o fine stinctuze which dev
the al toody of behaviorg

abruptly-=aH compotes with TAL, and 26 hoelds
1 tremd.

Yo The hvslerusta tn aduoapt
tiem bn ol o torm which ansists under
n, 11 vtipyhtly Linppul water (n
I during gasit tlon amd
d nearby, it wiil ot he g Hightay
boael 1o bt pew Tocatton

it |

G Much o the nddwttie is very Uight sy
held amd wili net eahibit the normal bhofliug
poind ol water, This tactor (e fmpatant an
thepmodyvnamie caloulattons of diying awl
later pyrolynis and gasi"1tcation,

ay Thin tightly hound weten helpn 10
explain wiyv the orygen and avdiogen of "dy e d”
veal can be 1 doan WO I thermodynam
vailenlatgons, M h wated will
v the wnn mefatu e determinat bon procedynes,

"Br wertk wan mupperted by the U5,
I pattment ot Inery sy,
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